The influence of monomer content on the viscoelasticity, water sorption and solubility of experimental fluorinated soft lining materials was investigated. Changes in the viscoelastic properties of the materials were also examined after thermal cycling. Four fluorinated soft lining materials containing different amounts of methoxy diethylene glycol methacrylate (MDGMA) and tridecafluorooctyl methacrylate (13FMA) were prepared. The viscoelastic displacement for specimens containing 13FMA was found to be less than that without 13FMA (p<0.05), and the values tended to decrease with increasing 13FMA content. Reduction of the MDGMA content and addition of 13FMA caused a decrease of water sorption and solubility (p<0.05). Thermal cycling was found to affect the viscoelastic deformation of the specimens without 13FMA and those specimens with relatively large amounts of 13FMA.
INTRODUCTION
Several types of polymeric soft lining materials have been in clinical use for a long time, such as silicone or acrylic polymers that have a wide range of viscoelastic properties, and these polymers exhibit various alterative characteristics over time 1) . The acrylic-based materials strongly adhere to the acrylic resin denture base; however, the plasticizer in the materials gradually leaches out into the saliva, which results in slow hardening of the soft lining materials 2) . In addition, problems with bacterial contamination have been reported for the acrylic-based materials, possibly due to surface roughness or water sorption 3) . Furthermore, elution of residual monomers from the materials may produce soft tissue reactions such as redness, irritation and swelling of the oral mucosa, leading to pain in some cases 4, 5) . The degree of tissue irritation is known to be dependent on the amount of eluted residual monomers 6) . On the other hand, silicone rubber-based soft lining materials are chemically stable and their elasticity can be maintained. However, it is difficult to adhere the material directly to an acrylic resin denture base, which makes the use of an adhesive necessary to obtain sufficient bonding strength 7, 8) . In addition, the surface of silicone rubber-based soft lining materials are difficult to finish and polish 9) . Soft lining materials are expected to absorb, relieve and uniformly distribute the biting force during mastication. The viscoelastic properties of these materials are thus considered to be related to these functions 10) . In clinical applications, the use of soft lining materials that exhibit viscoelastic behavior close to that of mucosa has been reported to be preferable, compared to elastic materials such as silicone rubber-based materials 11) . In this study, we aimed to develop a new fluorinated soft lining material with viscoelastic property and larger durability compared to acrylic soft lining materials.
Of the variety of polymer materials, attempts have been made to utilize fluorocarbon polymers and their monomers for dental materials such as denture base resins and soft lining materials [12] [13] [14] [15] [16] , composite resins 17) , dental acrylic resins 18) , and dental coating materials 19) . Fluorine compounds are known to exhibit certain specific properties, such as water repellency, chemical stability, and stain and discoloration resistance 20) . Ohe et al. reported extensively the application of fluoropolymer using several types of fluroalkyl methacrylate monomers to visible-light curing soft resins 13, 21, 22) . Their research showed that the length and structure of molecular side chains in fluorinated monomers affected the contact angle of water which represents water repellency and the Shore A hardness which is a parameter for softness of material 21) . Our previous studies examined physical properties of experimental fluorinated soft lining materials made from vinylidene hexafluoropropylene copolymer (2-6F), methoxy diethylene glycol methacrylate (MDGMA), tridecafluorooctyl methacrylate (13FMA) and silica powder to develop the soft lining materials containing fluroropolymer. The studies indicated that the experimental material with a large amount of MDGMA showed low Shore A hardness but it revealed greater water sorption, solubility in water and discoloration. Meanwhile, the experimental materials containing fluorinated monomers showed large viscous flow, lower water sorption and solubility, and good staining resistance. In addition, the experimental material with the monomer including a large number of fluorine atoms in one molecule were not found to change its viscoelastic properties after storage in deionized water at 37±2°C for 1 week. These previous studies also suggested that fluorinated monomers such as 13FMA could be clinically applicable for soft lining materials 16, 23) . Although reported experimental soft lining materials that contain fluorinated monomers show promising characteristics for clinical applications, the influence of the fluorinated monomer content on the viscoelasticity, water sorption and solubility have not yet been clarified. The purpose of the present study is to examine the influence of the monomer content in experimental soft lining materials on the viscoelasticity, water sorption and water solubility in an effort to improve these properties. In addition, changes in the viscoelastic properties of the experimental materials and a commercial acrylic-based soft lining material are compared after thermal cycling to predict their long-term durability.
The hypothesis tested in this study was that the content of fluorinated monomer (13FMA) affects the viscoelasticity and the water sorption and solubility in water of the experimental fluorinated soft lining materials made from vinylidene hexafluoropropylene copolymer (2-6F) and methoxy diethylene glycol methacrylate (MDGMA).
MATERIALS AND METHODS

Materials
The chemical components of the experimental fluorinated soft lining materials used are listed in Table  1 . The structures of the monomers and copolymers are shown in Fig. 1 . Four types of materials were prepared with 0, 6, 12 and 18 wt% of 13FMA. The constituents, material codes, and the molar ratio of MDGMA:13FMA in each mixture are listed in Table 2 . A commercially available acrylic-based soft lining material (VertexSoft clear (VS), Vertex Dental B.V, Zeist, Netherlands) was also examined for comparison, and the details are given in Table 3 .
Specimen preparation
Specimens were prepared by the dental flasking method as follows. Cylindrical (10 mm diameter, 10 mm high) or disc-shaped (20 mm diameter, 1 mm thick) silicone patterns were made using a stainless steel mold. The pattern was embedded in a flask (Varsity Upper, Buffalo, NY, USA) using gypsum (New Fujirock, GC, Tokyo, Japan). After setting the gypsum, the silicone pattern was removed and a dough of each material was packed into the mold. The flask was immersed in a temperature controlled water bath for polymerization. The polymerization process conditions for each material are summarized in Table 4 . After polymerization, the specimens were removed from the flask and excess material was trimmed away with a sharp blade.
Ten cylindrical specimens of each material were fabricated for creep tests, and ten disc-shaped specimens were prepared for the water sorption and solubility tests. Both types of specimen were immersed in deionized water at 37±2°C for 1 week. Thereafter, the cylindrical specimens were subjected to thermal cycling between 5 and 55°C with a 60 s dwell time in deionized water for 3,000 cycles 24, 25) . 
Viscoelastic properties
The viscoelastic properties were determined from creep tests conducted with a creepmeter (Rheoner RE3305, Yamaden, Tokyo, Japan) 26) at 23±2°C in air and at a crosshead speed of 1 mm/s until the load reached 1.96 N (200 gf), where it was maintained for 60 s. A personal computer connected to the creep-meter divided the amount of displacement into each part using the Voight four-element model: instantaneous elastic displacement, delayed elastic displacement, viscous flow and residual displacement with a software program (Creep Analysis, Yamaden, Tokyo, Japan). A 3 mm ball-shaped probe was used to eliminate the effect of deformation during measurements 19) . Typical results from the creep tests and the viscoelastic properties obtained are presented in Fig. 2 23) . Each part of displacement was determined: instantaneous elastic displacement, which indicates the initial elastic deformation; delayed elastic displacement, which indicates the deformation that follows initial elastic displacement until the start of continuous linear displacement; viscous flow, which exhibits continuous displacement due to the viscosity; and residual displacement, which indicates residual or permanent deformation.
Viscoelastic property tests were replicated twice for each soft lining material after immersion of the specimens in deionized water at 37±2°C for 1 week and after thermal cycling.
Water sorption and solubility
The amount of water sorption and the solubility of the specimens were measured using the procedures outlined in ISO 10139-2:2009 27) , except for the specimen geometry. Each disc-shaped specimen was dried in a desiccator with silica gel at 37°C until a constant weight change of less than 0.2 mg within 24 h (W0) was achieved. After immersion for 1 week, each specimen was weighed again (W1). The specimens were then reconditioned until a constant weight was reached (W2). Water sorption (Ws) and solubility (So) were calculated using: 
where V is the volume of the specimen.
Statistical analysis
The viscoelastic displacement before thermal cycling, the amount of water sorption and the solubility were analyzed with the one-way analysis of variance (ANOVA) and Tukey's HSD test using a statistical software program (SPSS 17.0, SPSS, Chicago, IL, USA).
The differences between the viscoelastic displacements before and after thermal cycling were compared with the paired t-test. The significance level was set at 0.05.
RESULTS
Viscoelastic properties (Figs. 3-6)
The instantaneous elastic displacement values after immersion in deionized water for 1 week ranged from 0.24 mm for F6 and F18 to 0.44 mm for F0 (Fig. 3) . The instantaneous elastic displacement for the specimens containing 13FMA (F6, F12 and F18) was significantly smaller than that without 13FMA (F0). The value for the VS specimen was significantly greater than those for F6 and F18, but significantly smaller than that for F0. Thermal cycling significantly increased the instantaneous elastic displacement value for F0 and F12 (p<0.05); however, there was no difference in the instantaneous elastic displacement between F12 and VS. Thermal cycling had no effect on the instantaneous elastic displacement for F6, F18 or VS (p>0.05). The delayed elastic displacement values after immersion for 1 week ranged from 0.37 mm for F18 to 0.51 mm for VS (Fig. 4) . The displacement for VS was significantly greater than that for F6 and F18. There were no significant differences in the delayed elastic displacement values among the F0, F12 and VS (p>0.05) specimens. Thermal cycling significantly increased the delayed elastic displacement values for F0 and F18 (p<0.05); however, no effect was evident for the F6, F12 and VS specimens (p>0.05).
The viscous flow values after immersion for 1 week ranged from 0.08 mm for VS to 0.21 mm for F0 (Fig.  5) . All the specimens with 13FMA (F6, F12 and F18) had significantly smaller viscous flow values than the specimen without 13FMA (F0). The commercial VS specimen had a significantly smaller viscous flow than all the other specimens. The viscous flow for the F0 and F18 specimens increased following thermal cycling (p<0.05); however, thermal cycling did not affect the viscous flow for the F6, F12 and VS (p>0.05) specimens.
The residual displacement values after 1 week of immersion ranged from 0.15 mm for VS to 0.53 mm for F0 (Fig. 6) . Specimens F6 and F18 had significantly smaller residual displacement values than the F0 specimen. The residual displacement for the VS specimen was significantly smaller than those for the other specimens. The residual displacement for F0 was significantly increased after thermal cycling (p<0.05), whereas that for the other specimens was not influenced by thermal cycling (p>0.05).
Water sorption and solubility
The water sorption of the treated soft lining materials ranged from 7.38 µg/mm 3 for F18 to 45.8 µg/mm 3 for F0 (Fig. 7) . The specimen without 13FMA (F0) had the largest water sorption and those for the other specimens significantly decreased in the order F6, F12 and F18 (p<0.05). The commercial VS specimen had significantly greater water sorption than F12 and F18, but it was significantly lower than that for F0 and F6 (p<0.05). The solubility ranged from 1.27 µg/mm 3 for VS to 6.43 µg/mm 3 for F0 (Fig. 7) . Specimen F0 had significantly greater solubility than the other specimens, whereas VS exhibited the lowest value (p<0.05).
DISCUSSION
Desirable properties for soft lining materials include long-term stable viscoelastic behavior, low water sorption, staining resistance, strong bonding to the denture base, dimensional stability, ease of processing, and biocompatibility 28, 29) . The present study focused on the viscoelastic properties, water sorption and solubility of soft lining materials containing fluorinated polymer in an attempt to improve these properties and to clarify the influence of monomer content. The incorporation of 13FMA increases the number of fluorine atoms, which may enhance the characteristics of fluorocarbon polymers. Therefore, four experimental fluorinated soft lining materials were prepared and several properties were evaluated and compared with those of a commonly used commercial material.
In the present study, the experimental soft lining materials were made from 13FMA, 2-6F, MDGMA and silica powder. Fluorinated monomer 13FMA was used as the currently available fluoroalkyl monomer with relatively large number of fluorine atoms in one molecule and this study examined if the viscoelastic behavior and water sorption and solubility of the soft lining materials were influenced by the content of 13FMA. Fluorinated polymer 2-6F was used as polymer component and reported to have chemical stability, water and oil repellency, and contamination resistance 21) . It is expected that steric effects of the large monomer molecule side chains in MDGMA provide the flexibility of the polymer. But the fluorinated experimental soft lining material containing a large amount of MDGMA has some shortcomings in water sorption, solubility and discoloration behaviors 16) . To improve these drawbacks in the material, a part of the monomer contents was replaced with fluorinated monomer, since in a previous fundamental study on the development of experimental soft lining materials, the materials containing fluorinated monomers with a large number of fluorine atoms in one molecule were found to exhibit large viscous flow, low water sorption and solubility and good staining resistance 16, 23) . The silica powder was used as filler. The filler was added to increase consistency of material to provide paste form, which improves the workability while denture packing, because 2-6F revealed viscous liquid form and MDGMA showed fluidity. The amount of polymerization catalyst in the experimental lining materials was decided based on that reported in our previous studies 16, 23) . Fluorinated monomer used in this study is assumed to have low polymerizability 13) . Therefore, in order to prepare sufficiently polymerized soft lining material specimens, the polymerization catalyst was added at 0.4 wt% to the mixtures. This amount is believed to be large enough in comparison to that in a commercial fluoropolymer soft lining material (Kurepeet Dough, KPD; Kurecha Co.) which reportedly contains 0.2 wt% 29) . In order to improve deterioration behavior with time of the acrylic soft lining materials, the experimental fluorinated soft lining materials were prepared and examined in the present study. The commercially available acrylic soft lining material VS was served as a control in this study. In addition the experimental fluorinated soft lining materials exhibited viscoelastic behavior similar to the acrylic soft lining material rather than the silicone soft lining material which exhibits the elastic behavior 23) . Dynamic and static measurements are commonly used for a comparative evaluation of the viscoelastic properties 30) . The creepmeter used in the present study can measure displacement values precisely and is suitable for static viscoelastic measurements.
The viscoelastic displacement value for all materials containing 13FMA (F6, F12 and F18) was less than that without 13FMA (F0), and decreased with increasing 13FMA content. The viscoelastic deformation values for F0, which contains a relatively large amount of MDGMA were greater than, and those for F18, which contains a relatively large amount of 13FMA, were less than the values for the other experimental soft lining materials. These results suggest that the steric effects of the monomer molecule side chains are greater in MDGMA than in 13FMA. Information provided by the manufacturers shows that the glass transition temperatures of MDGMA and 13FMA are respectively −51 and 40°C. Thus, it is reasonable that a reduction in the amount of MDGMA and the addition of 13FMA increases the glass transition temperature, which results in increased rigidity of the material.
Increased water sorption and solubility of the soft lining materials can cause dimensional changes, a loss of resilience, discoloration, and the production of foul odors, in addition to detachment of the lining material from the denture base. Solubility also leads to a loss of components from the material, and the eluted substances may cause irritation of the oral mucosa 4, 5) . A reduction of the MDGMA content and the addition of 13FMA caused a decrease of water sorption and solubility. This is thought to be because the presence of fluorine leads to increased hydrophobicity 31) , whereas the presence of glycol as a surface-active agent in MDGMA makes the material more hydrophilic. Furthermore, the addition of fluorinated monomer resulting in an increase of C-F bonds which have larger bond energy than C-H bonds 32) in polymer chains of the experimental materials presumably affected the stability in water and reduced the solubility of the materials.
The experimental materials contained 20 wt% of silica filler but the commercial product VS did not contain the filler component like silica filler. Because the silica filler doesn't take part in water sorption and solubility, the stability of the materials in water is strongly depended upon the nature of polymer matrix in the materials. The present study compared the water sorption and solubility of the experimental materials to the commercial product VS (Fig. 7) . When the water sorption and solubility of the material per unit weight of polymer component are considered, the data would be estimated to be 1.25 times as much as those calculated from the values of experimental materials presented because of inclusion of 20 wt% of silica filler in the experimental materials. Although the estimated water sorption and solubility values of all the experimental materials increase more as compared to VS, the effect of fluorinated monomer content on the water sorption and solubility may be relatively same among the experimental materials as that presented in this study.
In this study, the amount of polymerization catalyst was chosen empirically based on the previous studies 16, 23) . The present study has not examined in detail the relationships between the amounts of polymerization catalyst used and the amounts of residual monomers or the characteristics of materials polymerized. Therefore, the viscoelastic properties and the stability in water of the experimental materials may vary if the amounts of polymerization catalyst are altered. Further investigation on the effect of the polymerization catalyst in experimental fluorinated soft lining materials is required to clarify polymerization behavior.
Although the present study followed the manufacturer's recommended processing procedures for the VS product to fabricate the specimens, the values of water sorption and solubility of VS were different from those reported in our previous studies in which the VS product was examined 16, 23) . This inconsistency is possibly due to the alteration of processing conditions and/or materials compositions of the VS product by the manufacturer to improve the properties, after the previous studies were reported. Therefore, some data for VS product reported in the present study are considered to be different from those reported in the previous studies 16, 23) . It was assumed by Miyazaki et al. 33) that materials in the oral cavity undergo 10 thermal cycles per day. Based on this assumption, the thermal cycling conditions in the present study correspond to 300 days of actual use. The temperature range was chosen to reflect the temperature of food ingested during meals, and was limited to temperatures that would not damage oral tissue 34) . Thermal cycling promotes the leaching of plasticizer from acrylic soft lining materials, which increases the hardness of the material 35) . In this study, no differences in the viscoelastic properties of VS and F6 were observed before and after thermal cycling. However, some differences in the viscoelastic properties of F0, F12 and F18 were observed. Swelling of the material by water sorption during thermal cycling is considered to affect the viscoelastic properties 36) . The water sorption for F0 was larger than that for the other materials, which suggests that the viscoelastic deformation of F0 could be affected by the thermal cycling process. Thermal stress presumably affects the molecular structure of 13FMA more than MDGMA because the glass transition temperature of 13FMA is within the thermal cycling temperature range, between 5 to 55°C. Therefore, thermal cycling affects the viscoelastic deformation values of F12 and F18, which include larger amounts of 13FMA.
F0, F6 and F12, which exhibit large value of viscous flow, can be considered to have greater cushioning effect than the others. In addition, water sorption and solubility were lower in F12 than in F0 and F6, therefore F12 can be considered to have promising properties for soft lining material among the experimental materials tested. But it is possible that large deformation during mastication causes the reduction in crushing ability of food instantaneously, and may lead to inefficient masticatory function 10) . Therefore, it would be important to select clinically acceptable soft lining materials, which have appropriate viscoelastic behavior and durability to bear clinical situations.
Murata et al. 37) reported that acrylic-based materials exhibit viscoelastic properties, whereas silicone rubber-based materials exhibit mainly elastic properties and the ability of the acrylic materials, having higher ratio of viscous component of material behavior, to absorb energy and relieve stress is greater than that of the silicones 10) . In the present study, all of the fluorinated materials exhibited higher viscous flow than the acrylic-based VS material. These results suggest that the experimental materials could sufficiently relieve the forces generated during mastication. However, the fluorinated materials also exhibited a larger residual deformation than VS, which could lead to an undesired decrease in the total occlusal dimension. In addition, the larger solubility found in the experimental materials than VS, in spite of longer processing condition, is possibly due to presence of residual monomers and collapse of filler from the lining material into water. Thus, further studies are also required to optimize the processing conditions and the composition of filler to provide better polymerization process.
In conclusion, the present study revealed that an increase in the amount of 13FMA along with reduction in the amount of MDGMA in the experimental fluorinated soft lining materials decreased both the amount of water sorption and solubility and the values of displacement in viscoelastic parameters. Therefore, the research hypothesis proposed could be accepted in this study. However, further investigation is required to explain the results in more detail.
